Abstract Purpose: Neurofibromatosis type 1 (NF1) is an autosomal dominant disorder with a complex variety of clinical manifestations. The hallmark of NF1 is the onset of heterogeneous (dermal or plexiform) benign neurofibromas. Plexiform neurofibromas can give rise to malignant peripheral nerve sheath tumors, which are resistant to conventional therapies. Experimental Design: To identify new signaling pathways involved in the malignant transformation of plexiform neurofibromas, we applied a 22,000-oligonucleotide microarray approach to a series of plexiform neurofibromas and malignant peripheral nerve sheath tumors. Changes in the expression of selected genes were then confirmed by real-time quantitative reverse transcription-PCR. Results: We identified two tenascin gene family members that were significantly deregulated in both human NF1-associated tumors and NF1-deficient primary cells: Tenascin C (TNC) was up-regulated whereas tenascin XB (TNXB) was down-regulated during tumor progression. TNC activation is mainly due to the up-regulation of large TNC splice variants. Immunohistochemical studies showed that TNC transcripts are translated into TNC protein in TNC-overexpressing tumors. Aberrant transcriptional activation of TNC seems to be principally mediated by activator protein transcription factor complexes. Conclusion:TNXB andTNC may be involved in the malignant transformation of plexiform neurofibromas. Anti-TNC antibodies, already used successfully in clinical trials to treat malignant human gliomas, may be an appropriate new therapeutic strategy for NF1.
Neurofibromatosis type 1 (NF1) is an autosomal dominant neurocutaneous disorder that affects 1 in 3,000 individuals worldwide (1) . The NF1 gene, located on chromosome 17q11.2, was identified by positional cloning, and its protein product, neurofibromin, functions as a tumor suppressor (2, 3) . Neurofibromin contains a central domain homologous to the Ras-GTPase -activating protein family, which functions as negative regulators of Ras proteins (4) .
The main clinical features of NF1 are café au lait macules, skinfold freckling, and iris Lisch nodules. Patients are at an increased risk of both benign and malignant tumors, and NF1 is thus classified as a tumor predisposition syndrome. The most common tumors are benign peripheral nerve sheath tumors (neurofibromas), which vary greatly in both number and size, and may be dermal or plexiform (5) . In contrast to dermal neurofibromas, which are typically small and which grow as discrete lesions in the dermis, plexiform neurofibromas can develop internally along the plexus of major peripheral nerves and become quite large (6) . Both dermal and plexiform neurofibromas are heterogeneous tumors mainly composed of Schwann cells (60-80%), together with fibroblasts, mast cells, and other cells.
In about 5% of patients with NF1, neurofibromas (mainly plexiform neurofibromas) progress to malignant peripheral nerve sheath tumors (MPNST). More than 80% of MPNSTs are high-grade malignant tumors, corresponding to WHO grades 3 and 4 (7) . MPNSTs are resistant to conventional therapies, and their deep-seated position and locally invasive growth hinder complete surgical resection. The 5-year survival rate among patients with MPNSTs ranges from 30% to 50%. Schwann cells are considered to be the progenitors of both neurofibromas and MPNSTs, but recent data suggest that other cell types may contribute to the development of these tumors (8) .
The molecular mechanisms responsible for malignant progression of neurofibromas are largely unknown. Only a few relevant genetic alterations have thus far been identified (9, 10) . In keeping with its role as a classic tumor-suppressor gene, NF1 loss of heterozygosity has been found in NF1-associated MPNSTs, but also in benign neurofibromas (11) . TP53 mutations have been identified in MPNSTs but not in benign neurofibromas, indicating that the p53-mediated pathway is involved in tumor progression (12 -14) . Consistent with a role of p53 in the progression of MPNSTs, mice that harbor both NF1 and TP53 mutations develop MPNSTs (15) . Alterations of other genes (p16/CDKN2A, p14/ARF, p27/KIP1, EGFR, and mTOR) are frequent in MPNSTs but not in neurofibromas (16 -21) . Together, these findings suggest that the loss of NF1 initiates tumor formation and that malignant progression requires additional genetic lesions.
The recent development of efficient tools for large-scale analysis of gene expression has provided new insights into the involvement of gene networks and regulatory pathways in various tumoral processes (22) . These methods include microarrays, which can be used to analyze the expression of thousands of genes at a time, and real-time reverse transcription-PCR (RT-PCR) assays for more accurate and quantitative expression analysis of smaller numbers of candidate genes (23) .
Using large-scale, real-time RT-PCR, we have previously characterized a set of 30 genes discriminating between dermal and plexiform neurofibromas (23) , as well as an independent set of 28 genes involved in the malignant transformation of plexiform neurofibromas into MPNSTs (24) . We also identified a five-gene signature (MMP9, VEGFR3, TRAILR2, SHH, and GLI1) that predicted the clinical course of plexiform neurofibromas (23) .
Here, we did a genomewide microarray analysis of six plexiform neurofibroma samples and four MPNST samples. We identified 74 genes whose expression differed between the two sample types, including two members of the tenascin gene family, tenascin C (TNC) and tenascin XB (TNXB). Changes in the expression of these tenascin genes were then confirmed by real-time quantitative RT-PCR in a larger series of dermal and plexiform neurofibromas and MPNSTs, as well as human NF1-deficient primary cells. We also investigated the involvement of large TNC splice variants in NF1 tumorigenesis.
Materials and Methods

Patients and samples
Samples of 14 plexiform neurofibromas and 10 MPNSTs were obtained by surgical excision from patients with NF1 at Henri Mondor Hospital (Creteil, France).
The main clinical and histologic characteristics of the 10 patients with MPNSTs are shown in Supplementary Table S1 . The MPNSTs all arose from plexiform neurofibromas and showed very weak S100 immunostaining.
Twenty dermal neurofibromas were used as ''normal'' control samples because they are not at risk of developing into malignant MPNSTs. Neurofibromas are heterogeneous benign tumors composed of Schwann cells, fibroblasts, mast cells, and other cells, and have no ''normal'' tissue equivalent. Gene expression levels in plexiform neurofibromas and MPNSTs, determined by oligonucleotide microarray and real-time RT-PCR analyses, were thus expressed relative to the expression levels in dermal neurofibromas (obtained by laser excision).
Immediately after surgery, the tumor samples were flash frozen in liquid nitrogen and stored at À80jC until RNA extraction.
Primary cell culture and differential isolation of Schwann cells and fibroblasts from neurofibromas
Cell culture conditions were mainly realized as described by Bachelin et al. (25) . Briefly, the neurofibromas were cut into fragments, and explants were seeded in 25-cm 2 flasks coated with collagen type I (2 Ag/mL; Sigma, St. Louis, MO) and fed with Schwann cell medium composed of 10% DMEM-fetal bovine serum, 100 Ag/mL penicillin, 100 units/mL streptomycin, 1 Ag/mL forskolin (Sigma), 10 Ag/mL insulin (Sigma), and 10 ng/mL heregulin h1 176-246 (R&D Systems, Minneapolis, MN). A combination of differential adhesion behavior during trypsinization and forskolin treatment was used to separate fibroblasts from Schwann cells after three to four passages of neurofibroma explants. Cells were fed with 10% DMEM-fetal bovine serum, 100 Ag/mL penicillin, and 100 units/mL streptomycin (fibroblasts) or with Schwann cell medium, and were incubated at 37jC in humidified air containing 7.5% or 5% CO 2 (Schwann cells and fibroblasts, respectively). The percentage of contaminating fibroblasts or Schwann cells in each culture was determined by immunostaining using rabbit polyclonal antibody directed against the human S100A and S100B proteins (DAKO, Glostrup, Denmark) as described by Rosenbaum et al. (26) .
Oligonucleotide microarrays
We used oligonucleotide microarrays to analyze six plexiform neurofibromas and four MPNSTs. A pool composed of equal amounts of total RNA from two dermal neurofibromas was used as the RNA reference. The quality of the 12 tumor total RNAs, based on the 28S/18S rRNA ratio, was assessed by using the RNA 6000 Nano Lab-On-chip, developed on the Agilent 2100 Bioanalyzer device (Agilent Technologies, Palo Alto, CA). Five hundred nanograms of total RNA from each tumor sample and from the RNA reference pool were used to generate labeled antisense cRNAs with T7 RNA polymerase.
We used the Agilent 22K Human 1A (G4110A) long (60-bp) oligonucleotide microarray and the dual-color analysis method in which probes from tumor samples and from reference RNA are differentially labeled with cyanine 5 and cyanine 3. These microarrays, developed by Agilent Technologies, have 22,000 features, representing 16,840 known unique human genes. Labeling of cRNA was done with cyanine 5 -CTP for all samples and cyanine 3 -CTP for the RNA reference pool. Reverse transcription, linear amplification, cRNA labeling, and purification were done using the Agilent Linear Amplification kit. Hybridization was run for 17 h at 60jC, with 1 Ag of cyanine 5 -labeled cRNA from each tumor mixed with the same amount of cyanine 3 -labeled cRNA from the reference pool. The arrays were then washed with 0.6Â and 0.01Â SSC buffers containing Triton and dried with a nitrogen gun. Microarrays were scanned with the Agilent DNA Microarray Scanner. The fluorescence images were quantified using the Feature Extraction software (Agilent Technologies).
All data obtained by microarray analysis have been submitted to ArrayExpress at the European Bioinformatics Institute 8 with the accession number E-TABM-69. ArrayExpress is a public repository for microarray data, aimed at storing well-annotated data in accordance with Microarray Gene Expression Data recommendations. 9 Microarray data analysis was done in part with Rosetta Resolver system for gene expression analysis (Rosetta Inpharmatics LLC, Seattle, WA). All data were filtered to eliminate low-intensity values, the threshold (under 200 arbitrary units for both colors) being based on the linearity test. Each selected gene had at least a 2-fold change, with a P value of spot in the microarray image <0.001, indicating a high differential expression of the patient's sample compared with the reference pool. Using this procedure, 6,773 genes passed the filter. For unsupervised clustering, we used a hierarchical agglomerative algorithm that pair samples according to a Pearson-based distance. ANOVA was applied to the microarray data to discriminate between plexiform neurofibromas and MPNSTs.
Real-time RT-PCR
Tenascin gene mRNA quantification. The theoretical and practical aspects of real-time quantitative RT-PCR using the ABI Prism 7700 Sequence Detection System (Perkin-Elmer Applied Biosystems, Foster City, CA) have been described in detail elsewhere (27) .
The precise amount of total RNA added to each reaction mix (based on absorbance) and its quality (i.e., lack of extensive degradation) are both difficult to assess. We therefore also quantified transcripts of two endogenous RNA control genes involved in two cellular metabolic pathways, namely, TBP (Genbank accession no. NM_003194), which encodes the TATA box-binding protein (a component of the DNAbinding protein complex transcription factor II D), and RPLP0 (also known as 36B4; Genbank accession no. NM_001002), which encodes the human acidic ribosomal phosphoprotein P0. TBP and RPLP0 were selected as endogenous controls because the levels of their transcripts in the tumor samples are low (C t values between 24 and 26) and high (C t values between 18 and 20), respectively.
Each sample was normalized on the basis of its TBP (or RPLP0) content.
Results, expressed as N-fold differences in target gene expression relative to the TBP (or RPLP0) gene and termed N target , were determined as N target = 2 DC t sample , where the DC t value of the sample was determined by subtracting the average C t value of the target gene from the average C t value of the TBP (or RPLP0) gene (27, 28) .
The nucleotide sequences of the oligonucleotide primers used to amplify TBP, RPLP0, and the tenascin genes are shown in Supplementary Table S2 . To avoid amplification of contaminating genomic DNA, one of the two primers was placed at the junction between two exons.
The RNA extraction, cDNA synthesis, and PCR reaction conditions are described elsewhere (27) .
Proportion of TNC splice variants. TNC exists in multiple variants, owing to alternative spliced exons coding fibronectin type III (FNIII) domains. Fully truncated TNC (TNC-ft) contains eight FNIII domains ( Supplementary Fig. S1 ). Larger variants of the molecule are generated by alternative splicing of additional FNIII modules between the fifth and sixth FNIII domains of the basic structure. Nine alternatively spliced FNIII domains have been identified for human TNC. Because these alternatively spliced modules are encoded by single exons, the variable domains might be spliced independently of each other, giving rise to a multitude of different variants (512 in theory). Some studies have identified at least 22 different human TNC splice variants (29) . Thus, to quantify TNC splice variants, we used the following real-time RT-PCR approach: TNC-ft was specifically amplified by using one of the two primers (upper primer) placed at the junction between the exon coding for FNIII domain 5 and the exon coding for FNIII domain 6. The TNC splice variants were amplified by using the two primers both placed on the same exons. The positions of the primers on the TNC gene are shown in Supplementary Fig. S1 , and their nucleotide sequences are shown in Supplementary Table S2. For a given sample, the result was expressed as a proportion (P v , a percentage) of the TNC-ft mRNA level over the sum of the mRNA level of the TNC-ft and the mRNA level of the most strongly expressed spliced exon (TNC-v) among the nine putative additional TNC exons. The following formula was used:
Statistical analysis. Because the mRNA levels did not fit a Gaussian distribution, (a) the mRNA levels in each subgroup of samples were expressed as their median values and ranges, rather than their mean values and coefficients of variation; and (b) relationships between the molecular markers and clinical and biological variables were tested by using the nonparametric Mann-Whitney U test (30) . Differences between two populations were judged significant at confidence levels >95% (P < 0.05).
To visualize the capacity of a given molecular marker to discriminate between two populations (in the absence of an arbitrary cutoff value), we summarized the data in a receiver operating characteristic curve (31) . The area under the curve was calculated as a single index of the discriminatory capacity of each candidate molecular marker. When a molecular marker had no discriminatory value, the receiver operating characteristic curve lies close to the diagonal, and the area under the curve is close to 0.5. When a marker has a strong discriminatory value, the receiver operating characteristic curve moves to the upper left-hand corner (or the lower right-hand corner), and the area under the curve is close to 1.0 (or 0).
Immunohistochemical studies
Indirect immunoperoxidase staining of fixed tissues was done using mouse monoclonal antibody clone DB7 directed against the human TNC protein (Chemicon International, Temecula, CA) at a 1:200 dilution.
Five-micrometer-thick sections were submitted to standard immunohistochemistry, as previously detailed (32) . Immunohistochemical expression was visualized by means of streptavidin-biotin-peroxidase complex kit reagents (BioGenex, San Ramon, CA) with diaminobenzidine/H 2 O 2 as the chromogenic substrate (32) . Negative control sections were immunostained under the same conditions, but using nonimmune serum (DAKO) as primary antibody.
The localization and intensity of staining were assessed by two independent pathologists who were blinded to the real-time RT-PCR results.
Results
Screening for differentially expressed genes. Microarray experiments based on dual-color technology were done on 10 NF1-associated tumors (six plexiform neurofibroma and four MPNSTs) by comparison to a RNA reference pool (prepared by mixing identical amounts of RNA from two dermal neurofibromas).
Using the Resolver software, an intensity and fold changebased filtering approach (>2-fold change and P < 0.001) selected 6,773 features from among the 22,000 present on the 60-mer oligonucleotide microarray. Unsupervised hierarchical clustering of these 6,773 features ( Fig. 1) showed that the tumor samples fell into four subgroups, one of which contained all four MPNSTs. The other three subgroups each contained two plexiform neurofibromas. Interestingly, two of the six plexiform neurofibromas subsequently developed into MPNSTs, and both segregated together, forming one of the four subgroups.
ANOVA showed that 74 genes were differentially expressed (P < 10 À7 ) between plexiform neurofibromas and MPNSTs; 46 genes were up-regulated, and 28 were down-regulated in MPNSTs (Supplementary Table S3 ). Supervised hierarchical clustering, based on the expression of the 74 differentially expressed genes, perfectly discriminated between the four plexiform neurofibromas not associated with MPNST, the two plexiform neurofibromas associated with MPNST, and the four MPNSTs ( Supplementary Fig. S2 ).
The up-regulated genes of known function were mainly involved in cell proliferation (CCNB2, CCND2, CDK4, DNMT3A, and TOP2A), cell cycle control (ANAPC11, PKMYT1, PRC1), and apoptosis (BIRC5/Survivin). Several of the downregulated genes were Schwann cell specific (ITGB4) or mast cell specific (TPSB), pointing to a depletion and/or dedifferentiation of Schwann cells and mast cells during the malignant transformation of plexiform neurofibromas.
Expression changes of several genes identified by oligonucleotide microarray screening, i.e., four up-regulated genes (BIRC5/ Survivin, SPP1, TOP2A, and OSF-2) and two down-regulated genes (ITGB4 and TPSB), were confirmed by real-time quantitative RT-PCR in a series of dermal neurofibromas, plexiform neurofibromas, and MPNSTs (Supplementary Table S4) .
Together, these results are in keeping with our previous molecular profiling results for NF1-associated MPNSTs, based on large-scale, real-time RT-PCR (24) , and with data from recent gene expression profiling studies of NF1-associated tumors (33, 34) .
We further explored the four members of the tenascin family (TNC, TNXB, TNN, and TNR) because two (TNC and TNXB)
were among the 74 genes differentially expressed between plexiform neurofibromas and MPNSTs (TNN was not included in the 22,000-feature oligonucleotide microarray). TNC was up-regulated, whereas TNXB was down-regulated, suggesting that the two genes have opposite functions.
mRNA expression of TNC, TNXB, TNN, and TNR in 20 dermal neurofibromas, 14 plexiform neurofibromas, and 10 MPNSTs. TNR mRNA were detectable but not reliably quantifiable by means of real-time quantitative RT-PCR assay (C t > 35) in the MPNSTs and plexiform and dermal neurofibromas. The mRNAs of the three other genes were reliably quantifiable in the three types of sample: TNN expression was moderate (26 < C t < 28), whereas TNC and TNXB expression was strong (C t < 24). Table 1 shows the median values (and range) of TNC, TNXB, and TNN mRNA levels in the three groups of tumor samples. For each gene, mRNA levels were normalized such that the median value of the 20 dermal neurofibromas was 1. TNC was significantly up-regulated in both the plexiform neurofibromas (f3-fold) and the MPNSTs (f5-fold) compared with the dermal neurofibromas (P = 0.003; Table 1 ). It is noteworthy that 4 of the 14 patients with plexiform neurofibromas developed MPNST. The mRNA levels of TNC showed a trend toward significance (P = 0.11) between the four plexiform neurofibromas associated with MPNST (R TNC values from 2.92 to 8.31; median, 4.98) and the 10 plexiform neurofibromas not associated with MPNST (R TNC values from 0.26 to 8.20; median, 1.87).
TNXB was significantly down-regulated in MPNSTs alone (>20-fold; P = 0.0003; Table 1 ). Finally, TNN was not significantly altered in either the plexiform neurofibromas or the MPNSTs, despite slight (nonsignificant) down-regulation (f2-fold).
The mRNA levels shown in Table 1 (calculated as described in Materials and Methods) show the abundance of the tenascin genes relative to the endogenous control (TBP) used to normalize the starting amount and quality of total RNA. Similar results were obtained with a second endogenous control, RPLP0 (also known as 36B4).
mRNA expression of TNC, TNXB, and TNN in normal human cells. Both neurofibromas and MPNSTs are heterogeneous tumors mainly composed of Schwann cells (60-80%), together with fibroblasts, mast cells, endothelial cells, and other cells.
To further investigate the cell type specificity of TNC, TNXB, and TNN expression, we analyzed the mRNA levels of these three genes by means of real-time RT-PCR in normal mast cells, Schwann cells, fibroblasts, and endothelial cells (Fig. 2) . TNC was mainly expressed in Schwann cells and fibroblasts and very weakly (100-fold lower) in endothelial cells. TNXB was mainly expressed in Schwann cells (10 times more strongly than in the other three cell types). TNN expression was moderate in mast cells and weak in the other cell types.
mRNA expression of TNC and TNXB in neurofibroma-derived primary Schwann cells and primary fibroblasts. TNC, which is mainly expressed in Schwann cells and fibroblasts (Fig. 2) , was moderately up-regulated in both NF1 -deficient primary Schwann cells (1.65-fold) and NF1-deficient primary fibroblasts (1.65-fold; Fig. 3 ).
TNXB, which is mainly expressed in normal Schwann cells (Fig. 2) , was strongly down-regulated in NF1 -deficient Schwann cells (decrease >50-fold; Fig. 3) .
Proportion of TNC splice variants in 20 dermal neurofibromas, 14 plexiform neurofibromas, and 10 MPNSTs. Figure 4 shows the median and range of total TNC mRNA levels and the percentage of TNC splice variants (determined as indicated in Materials and Methods) in the three groups of tumor samples. Total TNC mRNA levels were normalized such that the median value for the 20 dermal neurofibromas was 1.
The proportion of TNC splice variants was significantly increased in both MPNSTs (median, 60.3%; range, 13.7-97.8%) Fig. 2 . mRNA expression ofTNC,TNXB, andTNN in normal human mast cells, Schwann cells, fibroblasts, and endothelial cells. For each gene, mRNA levels were normalized such that the value for the ''basal mRNA level'' (smallest amount of target gene mRNA quantifiable, C t = 35) was 1. Columns, means of mRNA levels from at least three independent experiments; bars, SD. Fig. 3 . mRNA expression of TNC and TNXB in normal and NF1-deficient primary Schwann cells and primary fibroblasts. For each gene, mRNA levels were normalized such that the value for the ''basal mRNA level'' was 1. Columns, mean mRNA levels from at least three independent experiments; bars, SD. It is noteworthy that the highest proportion of TNC splice variants (P v > 90%) was observed exclusively in the MPNST samples (3 of 10 MPNSTs).
The analysis of the four cases in which both a plexiform neurofibroma and a matched MPNST were investigated showed a clear association between the increase in the total TNC mRNA level and the increase of the proportion of TNC splice variants, during progression from plexiform neurofibroma to MPNST, as in patients 1 and 2 (Fig. 5) .
Immunohistochemical studies. Of the 12 tumors (three dermal neurofibromas, four plexiform neurofibromas, and five MPNSTs) studied by immunohistochemistry, specific TNC immunoreactivity was detected in the five tumors that overexpressed TNC mRNA (two plexiform neurofibromas and three MPNSTs), but in none of the seven tumors showing normal TNC expression (three dermal neurofibromas, two plexiform neurofibromas, and two MPNSTs). We thus observed a perfect In tumors normally expressed TNC mRNA, TNC immunoreactivity was exclusively found around follicular structures (Fig. 6A) and beneath the epidermis, whereas tumoral stroma and tumor cells were negative.
In plexiform neurofibromas that overexpressed TNC mRNA, TNC showed focal and weak positivity in the tumoral stroma, whereas a strong staining was seen in the perineurium (Fig. 6B) and was weak in the tumor cells.
In MPNSTs that overexpressed TNC mRNA, TNC showed focal but strong positivity in the tumoral stroma (Fig. 6C) . TNC immunoreactivity was observed in the cytoplasm of scattered tumor cells (Fig. 6D) .
Relationship between the mRNA levels of TNC and various genes possibly involved in TNC deregulation in NF1. In vitro studies of the TNC -responsive promoter elements have suggested that TNC gene transcription may be regulated by activator protein-1 (AP-1), nuclear factor-nB (NF-nB), or KROX24/early growth response 1 (KROX24/EGR1; ref. 35) . To explore the possible involvement of these three transcriptional complexes in the up-regulation of TNC in NF1-associated tumors, we tested the relationship between the expression of 24 candidate genes possibly involved in the AP-1, NF-nB, or KROX24/EGR1 pathways in three normal TNCexpressing MPNSTs and three TNC-overexpressing MPNSTs. These 24 selected genes encode KROX24/EGR1, the different subunits of AP-1 and NF-nB, and various well-known AP-1 -and NF-nB -induced genes. The results of these analyses are summarized in Table 2 . We found total positive associations (area under the curve-receiver operating characteristic, 1.000) between TNC and six other genes, namely, JUN, JUND, and ATF3 (AP-1 subunit genes); MMP1 (an AP-1 -induced gene); RELB (NF-nB subunit); and IER3S (an NF-nB -induced gene). Supplementary Fig. S3 shows the mRNA levels of the six TNCassociated genes in each MPNST sample.
Discussion
To identify a new outstanding signaling pathway involved in malignant transformation of plexiform neurofibromas, we applied an initial screening approach based on a 22,000-feature oligonucleotide microarray to a series of plexiform neurofibromas and MPNSTs. Nonsupervised hierarchical clustering failed to perfectly distinguish between benign and malignant tumoral tissues, probably because of the small number of samples. However, statistical analysis revealed distinct differences between plexiform neurofibromas and MPNSTs. Indeed, we observed a significant difference (P < 10 À7 , ANOVA test) in the expression level of 74 genes between these two tumor populations. Many of these genes encode proteins that are involved in cell proliferation (CCNB2, CCND2, CDK4, DNMT3A, and TOP2A), cell cycle control (ANAPC11, PKMYT1, and PRC1), and apoptosis (BIRC5/ Survivin). These results are thus not very original because they are in keeping with general concepts of tumorigenesis, in which alterations of these pathways are common. Moreover, several of the down-regulated genes were Schwann cell specific (ITGB4) or mast cell specific (TPSB), pointing to depletion and/or dedifferentiation of Schwann cells and mast cells during the malignant transformation of plexiform neurofibromas. Together, these results are in keeping with our previous molecular profiling results for NF1-associated MPNSTs based on largescale real-time RT-PCR (24) 159-gene molecular signature distinguishing MPNST cell lines from normal Schwann cells, and which mainly includes overexpressed cell proliferation -associated genes (i.e., MKI67, BUB1, MAD2L1, etc.) and underexpressed Schwann cellspecific genes (i.e., S100B, SOX10, PMP22, etc.). As expected, several of the genes identified in our large-scale, real-time RT-PCR study (24) were in the present set of 74 genes (up-regulation of BIRC5/Survivin, SPP1/Osteopontin, TOP2A, OSF-2/Periostin, etc., and down-regulation of ITGA4, TPSB, etc.). Interestingly, the weakly expressed genes previously identified, such as DHH, TERT, FOXM1, FOXA2/HNF3B, etc. (24), were not identified by this microarray-based screening approach. These data confirm that real-time quantitative RT-PCR is complementary to microarrays for molecular tumor profiling. In particular, real-time RT-PCR seems to be far more sensitive than microarrays for identifying weakly expressed genes.
Here, we focused on the four members of the tenascin family (TNC, TNXB, TNN, and TNR), because (a) two members (TNC and TNXB) were among the 74 genes differentially expressed between plexiform neurofibromas and MPNSTs (TNN was not included in the 22,000-feature oligonucleotide microarray); (b) TNC was up-regulated, whereas TNXB was down-regulated, suggesting opposite functions; (c) tenascins are not involved in cell proliferation but in cell -extracellular matrix interactions, which are a key determinant in NF1 tumorigenesis, characterized by numerous tumor-stroma interactions (36); (d) tenascins have a major role in the nervous system (precursor cell migration), and TNC is a prominent constituent of peripheral nerves (37) ; and (e) finally, the role of tenascins has recently been suggested in NF1 tumorigenesis. Indeed, Karube et al. (38) identified six genes (including TNC) up-regulated in MPNSTs by means of cDNA microarray analysis (composed of 886 genes).
The four members of the tenascin gene family were thus investigated by real-time quantitative RT-PCR in a larger series of dermal and plexiform neurofibromas and MPNSTs. TNR was not expressed by MPNSTs or plexiform and dermal neurofibromas, in agreement with previous reports. Tenascin-R is expressed exclusively in the central nervous system, where it is mainly secreted by oligodendrocytes (39) . TNN expression was not significantly different between dermal/plexiform neurofibromas and MPNSTs. As we found that TNN was mainly expressed by mast cells (Fig. 2) , the slight downregulation (f2-fold, nonsignificant) observed in both plexiform neurofibromas and MPNSTs was probably due to a lower abundance of mast cells in plexiform neurofibromas and MPNSTs relative to dermal neurofibromas. More interestingly, TNC was significantly up-regulated in both plexiform neurofibromas (f3-fold) and MPNSTs (f5-fold), whereas TNXB was significantly down-regulated in MPNSTs alone (>20-fold). This suggests that TNC dysregulation could be an earlier event than TNXB deregulation in NF1 tumorigenesis. Similar opposite changes in the mRNA expression of TNC and TNXB has previously been described in heritable cutaneous malignant melanoma (40) .
By using immunohistochemical analysis, we showed that TNC transcripts are translated into TNC protein in NF1-associated tumors. We also showed a strong correlation between TNC mRNA overexpression and TNC protein abundance.
Among the four main cellular components of neurofibromas, i.e., Schwann cell fibroblasts, mast cells, and endothelial cells, we found that TNC was mainly expressed by normal human Schwann cells and fibroblasts, whereas TNXB was specifically expressed by Schwann cells (Fig. 2) . Interestingly, the upregulation of TNC and the down-regulation of TNXB were also observed in human NF1-deficient primary Schwann cells (TNC and TNXB) and NF1-deficient human primary fibroblasts (TNC) compared with normal primary Schwann cells and normal primary fibroblast (Fig. 3) , confirming in vitro our results obtained ex vivo with human tumor biopsy specimens. These latter results suggest that neurofibromin deficiency may play an active role in altered TNC and TNXB expression in NF1-associated tumors.
TNC and TNXB encode glycoproteins that contribute to the extracellular matrix structure and influence the physiology of cells in contact with the tenascin-containing environment. In tumors, altered TNC and TNXB expression may deregulate cell morphology, growth, and migration by activating various intracellular signaling pathways (35, 36) .
TNXB encodes TNX, a protein of unknown function that is mainly expressed in the peripheral nervous system and muscle. TNX deficiency in humans is associated with Ehlers-Danlos syndrome, a generalized connective tissue disorder resulting from altered metabolism of fibrillar collagens (41) . TNXB À/À mice show progressive skin hyperextensibility due to altered collagen deposition by dermal fibroblasts (42) . Very little is known about the relevance of this gene to cancer biology. However, Matsumoto et al. (43) showed that tumor invasion and metastasis are promoted in mice deficient in TNX through the activation of the MMP2 and MMP9 genes. It is noteworthy that we have previously identified MMP9 as a major gene upregulated during NF1 tumorigenesis (23, 24) .
TNC encodes TNC protein, and its expression correlates with angiogenesis and local infiltration of normal tissues by tumor cells of various carcinomas (35) . Moreover, expression of larger TNC splice variants correlates with increased cell migration, tissue remodeling, and invasive carcinomas, whereas the fully truncated TNC transcript is expressed in more quiescent tissues and is associated with the production of a stable extracellular matrix. In agreement with these studies, we observed an increase in total TNC mRNA levels and in the proportion of TNC splice variants during NF1-associated tumor progression (Figs. 4 and 5) . These TNC splice variants represent a potential mechanism leading to impaired cell signaling and downstream functions by modulating binding interactions with various receptors and with other extracellular matrix components. On the other hand, an increase in total TNC could activate cell proliferation by direct binding and activation of the epidermal growth factor receptor by the epidermal growth factor -like repeats of TNC (44) . It is noteworthy that EGFR overexpression is a major genetic event in NF1-associated and sporadic MPNSTs (19, 45) .
To further explore the molecular mechanisms underlying TNC overexpression in plexiform neurofibromas and MPNSTs, we studied the possible relationship between the expression of the TNC gene and that of various candidate genes involved in regulating TNC expression. Indeed, several transcription factor complexes, such as NF-nB, AP-1, and KROX24/EGR1, have been shown to regulate the expression of TNC promoter reporter constructs (reviewed in ref. 35 ). Coexpression profiles suggest common functional pathways (46) . Our results suggest that TNC transcription in NF1-associated neurofibromas could be controlled by the AP-1 complex (in particular the subunits c-Jun, JunD, and activating transcription factor 3) and possibly also by the NF-nB complex (in particular the RelB subunit). In the context of NF1 tumorigenesis, it is interesting to note that the epidermal growth factor/RAS/RAF signaling pathway induces transcription preferentially via the activation of activating transcription factor 3/c-Jun and the activating transcription factor 3/JunD heterodimers (47) . Finally, we cannot rule out the possibility that TNC gene expression could be regulated by additional factors recently identified such as h-catenin (48) or a functional binding element involving several transcription growth factor-h signaling targets, such as Smad3, Sp1, Ets1, and CBP/p300 (49) .
The finding that TNC deregulation may participate in NF1-associated tumorigenesis may represent a therapeutic breakthrough in this disease. NF1-associated MPNSTs are devastating, and there is currently no effective treatment. Moreover, plexiform neurofibroma, although benign, can be painful and debilitating and can grow large enough to encompass an entire body region. Many plexiform neurofibromas cannot be surgically resected because of underlying nerve involvement. Radiolabeled anti-TNC antibodies have been used successfully in clinical trials to treat malignant human gliomas (50) and non -Hodgkin's lymphoma (51) . However, it is important to note that TNC, although abundantly present in tumor cells, is also expressed in some normal cells and tissues ( Fig. 6A; ref. 36 ) and that may pose the problem of the specificity of such therapeutic approach with its potential adverse side effects.
In conclusion, we report the involvement of TNC and TNX in the genesis of NF1-associated MPNST. Full confirmation of the role of these two genes in NF1 needs further in vitro (gainor loss-of-function experiments in cultured cells) and in vivo (animal model) studies. Our results suggest that anti-TNC antibodies, already used with success in other cancers, may represent a new therapeutic strategy for NF1.
